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In the development of acoustoelasticity as a tool for the nonde-
structive evaluation of active and residual stresses, it has become 
clear that the anisotropy of the materials under examination plays a 
significant role in the ultimate utility of the method [1, 2). This 
technique is based on the observation that the speeds at which various 
waves propagate through a material depend not only on the elastic stiffness, 
but also on the amount of deformation or stress to which the material 
is subjected. If a material's elastic and acoustoelastic constants are 
known, and if sufficiently precise measurements of velocity are made, 
the stress may be evaluated. 
Texture may be defined as the preferred crystalline orientation 
which leads to a material's macroscopic anisotropy. The primary effect 
of texture on acoustoelasticity is that the textured material exhibits 
birefringence in its unstressed state. This means that the measured 
difference in shear wave speeds is not proportional to the difference 
in principal stresses as is the case in an isotropic material. Texture 
also has the less widely recognized effect that the acoustoelastic constants 
themselves can display substantial anisotropy. 
We first present the acoustoelastic equations and then a brief summary 
of the work which allows a material's elastic and acoustoelastic response 
to be evaluated from a knowledge of the material parameters and orientation 
distribution of the constituent crystals. This is followed by an experi-
mental investigation into the utility of this analysis for a particular 
aluminum alloy. The complete set of experimentally obtained constants 
is presented for the material, and is compared with the associated pre-
dictions. This work follows an earlier incomplete evaluation of this 
same material [3). 
THEORETICAL ANALYSIS 
The equations governing acoustoelasticity (see [4), for example) 
are based on the behavior of an infinitesimal disturbance superposed 
on a finite deformation. The material under consideration must have 
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a nonlinear stress-strain relation to account for the observed variation 
in elastic wave velocity with applied stress. In the case of a plane 
wave propagating through a material subject to a homogeneous deformation, 
the wave velocities V are solutions to the eigenvalue problem 
(1) 
where I is the Cauchy stress, n is the wave propagation direction, 
p is the mass density in the d~formed state, and the eigenvector Uk is 
the polarization. ~ijkl is defined as 
Cijkl = ~o FiA FjB FkC FlD (CABCD + CABCDEF EEF)' ( 2) 
where p0 is the mass density in the unstressed material, ~ is the defor-
mation gradient, ~ is the Lagrangian strain, and CABCD and CABCDEF are 
the second-order and third-order elastic constants (SOEC and TOEC), re-
spectively. Now if the dependence of V on stress is measured for particular 
wave directions, the solutions of Eq. (1) can be used to evaluate the 
elastic constants of Eq. (2). A certain few of these are usually evaluated 
experimentally through measurements of the velocity in the undeformed 
material and changes of velocity during the application of known uniaxial 
stress. The task of completely characterizing a rolled metal is, however, 
formidable since there are 9 independent SOEC and 20 independent TOEC 
which must be determined. Indeed the only such characterization for 
an orthorhombic material was presented by Haussuhl and Chmielewski [5] 
for calcium formate. 
As an alternative to the ultrasonic characterization of the material, 
a method for estimating an aggregate's elastic constants from a knowledge 
of the elastic constants of a single crystal and the orientation distri-
bution of crystallites in the aggregate has been proposed [6]. In that 
work the orientation, denoted g, of the crystallites' axes relative to 
the sample axes is given through a single orientation distribution function 
(ODF) w(g). The integral of this ODF over a range of possible orientations 
gives the probability that a crystal will be oriented within that range. 
Under the Voigt assumption used in [6], the aggregate's SOEC and 
TOEC as introduced in Eq. (2) are related to the crystallites' elastic 
constants by 
CABCD + CABCD w(g) dg, 
CABCDEF = tf CABCDEF w(g) dg, (3) 
where CABCD and CABCDEF are the crystallites' elastic constants referred 
to the aggregate's symmetry axes. The evaluation of these integrals 
for the case of orthorhombic specimen symmetry and cubic crystal symmetry 
is given in detail in [6] using the harmonic expansion of w(g) proposed 
by Roe [7,8]. The resulting aggregate stiffnesses depend on only the 
first seven coefficients of this expansion. 
EXPERIMENTAL PROCEDURES 
The ultrasonic measurements were of two basic types: absolute velocity 
measurements in the unstressed material (which led to the SOEC) and mea-
surements of relative velocity change under the application of uniaxial 
stress (which led to the TOEC). The double-pulse echo system described 
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by Ilic, Kino, and Selfridge [9] was used for both types of measurements. 
This system operates in a phase-locked loop in which the RF carrier 
frequency of the ultrasonic signal is varied as the wave's travel time 
changes so that a specific phase condition is held constant. The measured 
frequency change can then be related to the velocity change through a 
measurement of the change in path length. During elastic deformations, 
this change in path length is related to the stress by means of the 
material's SOEC. Thus the change in frequency per unit applied stress 
is an acceptable measure of acoustoelastic response from which the 
material's TOEC may be evaluated. We note that the change in frequency 
mesured with this system is just the change in "natural velocity" intro-
duced by Thurston and Brugger [10]. 
Six of the nine SOEC, of the type CABAB (no summation), may be ob-
tained by measuring the velocity of pure mode waves propagating in the 
X1, Xz, or X3 directions in the unstressed material. We have chosen 
X1 to correspond to the plate's rolling direction (RD), Xz to the direc-
tion normal to the plate (ND), and X3 to the plate's transverse direction 
(TD). The remaining three SOEC, of the type CAABB (A f B, no summation), 
may be determined from the velocities of either quasilongitudinal or 
quasishear waves propagating in off-axis directions. 
Evaluation of the TOEC requires that the relative change in wave 
speed be measured during the application of a known stress. Eighteen 
of the twenty independent TOEC can be determined by measuring the change 
in the speeds of the pure mode waves propagating along the principal 
directions of anisotropy with loading along one of these principal direc-. 
tions. Specifically, let D~c be the relative velocity change of a wave 
propagating along XB with particle motion along Xc and with uniaxial 
stress applied along XA, where no restrictions are placed on the values 
of A, B, and C in this definition. By solving for the velocities in 
the characteristic equation which results from Eq. (1), D~c can be ex-
pressed as 
3 
L ( CRRBCBC + 0AB 0BC CRRBB + 0 + 0 ) E(A) RB RC RR' (4) 
R = 1 
where Eki) is the normal strain in the XR direction associated with 
the stress along XA· The only summation in Eq. (4) is that which ex-
plicitly involves R. For a particular wave type (particular values of 
Band C), Eq. (4) gives three equations associated with loading along 
the X1, Xz, and X3 directions. From these, the TOEC CllBCBC• CzzBCBC 
and C33BCBC can be calculated. The two TOEC Cll2233 and Cz33112 do not 
appear in any of Eq. (4). Their evaluation requires either loading or 
wave propagation in a direction other than a principal direction. The 
explicit expressions for these waves may be found in Springer [11]. 
Because of the need to have loads applied and waves propagate in 
a variety of directions, several different samples were required. One 
of these loading conditi0ns involves uniaxial stress applied in the 
plate's ND (Xz direction). The thickness of the plate (25 mm, nominal) 
required that this stress be applied in compression. Initially, three 
samples were thought to be required: one cube which would allow loading 
and wave propagation in any of the principal directions; another cube 
which could be loaded in the X3 direction with wave propagation possible 
in the directions {i,±l,O}; and one which could be loaded in the direc-
tion {1,0,-1}, with wave propagation possible in the directions {1,0,1} 
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and {0,1,0}. In order to allow waves to propagate along the direction 
of loading, a special compression grip in which the ultrasonic transducer 
could be mounted was made. The acoustoelastic response observed on the 
cubical sample did not, however, correspond to that observed during uni-
axial tension on a standard "dog-bone" tension specimen of the same mate-
rial. Rather, the results from the compressioin tests were roughly 30% 
lower than those from the tension tests. An examination of·this indicated 
that the stress state in the cubical sample under the applied compressive 
load was not the assumed uniform state, but one in which the bulk of 
the load was carried along the outer edges of the cube. 
An experimental investigation of this result confirmed our quali-
tative suspicions. On a sample of 2024-T351 aluminum with square cross 
section, a series of measurements were made as the length of the sample 
was reduced. The initial sample dimensions were 25 mm in each of the 
ND and TD and 170 mm in the RD. Measurements were made of the acousto-
elastic constant (relative frequency change per unit of applied stress) 
with the transducer in the central region of the sample. Then the block 
was shortened by removing equal amounts ~f material from the ends and the 
acoustoelastic constant was remeasured. This process was repeated until 
a cubical sample was obtained. To allow the results to be generalized 
to other crosssections the data is presented in Fig. 1 as acoustoelastic 
constant vs. slenderness ratio (specimen length divided by radius of 
gyration). The measured acoustoelastic constant varies by only 2% for 
slenderness ratios above 8 and then falls off dramatically for slenderness 
ratios less than 8. The acoustoelastic constant for the cubical sample 
is 24% below that for the original sample. 
Therefore, three samples were required for the principal direction 
tests to allow specimen lengths in the loading directions to be sufficient 
to provide a uniform stress state. The samples actually used in the 
evaluation of the TOEC had a minimum slenderness ratio of 12. In order 
to achieve this for the case of loading in the ND, a composite sample 
consisting of three sections glued together with epoxy was required. 
A test was conducted on a well characterized sample of 2024-T351 aluminum 
in which a section was cut out and then glued back in. The remeasured 
response was in agreement with the original response, thus validating 
our procedure. 
The first step in the prediction of elastic constants from x-ray 
diffraction studies is to obtain pole figures. For each pole figure, 
soft x-rays from a copper source impinge upon a flat sample of the subject 
aluminum at the Bragg angle corresponding to the {222}, {220}, {200}, 
or {311} plane of interest. The x-ray intensity is measured to construct 
pole figures as described in Wenk [12]. 
Three samples were prepared from the specimen plate such that the 
major surfaces of the samples were perpendicular to the RD, ND, and TD. 
The standard geometry in x-ray studies puts the major surface of the 
sample perpendicular to the plate's ND, but we felt more information 
could be obtained with three samples. The measured pole figures were 
"inverted" to obtain the ODF coefficients using a series of programs 
based on the algorithms by Humbert and Bunge [13]. 
RESULTS 
Pole figures measured for the {222} and {200} crystallographic planes 
are shown in Figs. 2a and b. Space constraints prevent showing the pole 
figures for the {220} and {311} planes, but they are of a similar nature. 
For each plane, the pole figures measured from the three samples are 
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arranged together to demonstrate their consistency in texture. In each 
case the 2-fold symmetry about the in-plane axes is clearly evident and 
the data indicates a fairly strong and consistent texture. The ODF co-
efficients were evaluated for each sample type by the "inversion" of 
the four pole figures. 
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Fig. 1. Acoustoelastic constant vs. slenderness ratio for 2024-T351 
aluminum. 
Tables I and II contain the SOEC and TOEC evaluated by the two tech-
niques. The elastic constants are presented in groups within which all 
entries would have the same value for an isotropic material. The extent 
to ~hich the values vary within a particular group is thus one indication 
of the degree of anisotropy exhibited by the aggregate. The constants 
determined from the x-ray analysis are averages of the results from the 
three sample orientations. 
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(a) { 222} 
(b) {200} 
Figs. 2a, b Experimental pole figures for the {222} and {200} 
crystallographic planes for three differently oriented samples 
of 7039-T6 aluminum. 
TABLE I . SOEC for 7039-T6 aluminum. 
CABCD (GPa) 
ABCD Ultrasonic Uncertainty X-ray Uncertainty 
(%) (%) 
1111 109.9 0.5 111.3 0.5 
2222 108.9 111.0 0.5 
3333 110.4 112.4 1 
1122 56.6 2 58.8 0.5 
1133 56.9 57.4 1 
2233 56.6 57.7 1 
2323 26.2 0.5 25.4 2 
3131 25.8 25.4 1.5 
1212 26.8 26.7 1 
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TABLE II. TOEC for 7039-T6 aluminum. 
CABCDEF (GPa) 
ABCDEF Ultrasonic Uncertainty X-ray Uncertainty 
(%) (%) 
A 111111 -1455 3 -1428 5 
222222 -1577 -1306 4 
333333 -1613 -1429 9 
B 111122 -373 9 -115 27 
111133 -304 -314 14 
222211 -335 -288 15 
222233 -374 -281 14 
333311 -410 -180 27 
333322 -382 -190 24 
c 112323 -127 4 -120 20 
223131 -131 -135 29 
331212 -117 -60 68 
D 113131 -279 2 -270 5 
111212 -334 -257 13 
222323 -291 
-302 5 
221212 -244 
-229 19 
332323 -286 
-186 10 
333131 -317 
-342 9 
112233 -64.4 20 -68.7 15 
233112 -109 <1 -101 8 
It may be seen in both Tables I and II that the aggregate response 
predicted from the ODF coefficients is generally more anisotropic than 
that measured ultrasonically. That is, within each group there is more 
variation among the x-ray values than among the ultrasonic values. Further, 
while both techniques indicate that this material is only slightly aniso-
tropic in its SOEC, its TOEC display substantial anisotropy. It should 
also be noted that while in some groups of the TOEC (C, D, and the off-
principal-axis constants), there is generally good agreement between 
the two techniques, in others (A and B) there is rather wide variation. 
There are several possible explanations for the overall lack of 
agreement between the ultrasonic and x-ray constants. Among these, the 
most plausible are that the single-crystal constants used in the ODF-based 
calculations are not those of the 7039-T6 alloy and that the texture 
is not uniform, but instead varies through the thickness of the plate. 
The single-crystal elastic constants were taken from Thomas [14] for 
aluminum of between 99.95% and 99.99% purity. The alloy we used, however, 
contains up to 4.5% zinc, 3.3% magnesium, 0.4% manganese, and 1% additional 
elements. It is reasonable to expect that the SOEC and TOEC of this 
alloy would differ somewhat from those of a high purity aluminum. Given 
the severity of the material texture the presence of a texture gradient 
would tend to reduce the anisotropy in the ultrasonically determined 
constants. In addition, for any TOEC found by ODF analysis in groups 
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B or C, there is substantial disagreement among the three values making 
up the average. This suggests some problem with the physical samples 
or the data reduction for the ODF method. 
Evidence that both of these factors may be involved is found by 
considering the relations which should exist among the·aggregate's SOEC. 
Specifically, the SOEC derived from a homogeneous texture should be related 
as 
* * CAABB - CABAB = C1122 - Cl212 (A ; B, no summation), (5) 
and 
CAAAA - CBBBB = CBBCC - CAACC = CBCBC - CACAC (A; B ; C). (6) 
In Table III these combinations are fresented for the ultrasonically 
measured SOEC. Since the value of C1122 - c!212 is 32.1 GPa, we find 
that the measured data and the assumed single crystal data do not agree. 
Further, the measured data used in Eq. (6) show that they are not consistent 
with the assumption that a single ODF governs the entire body. 
TABLE III. Combinations of ultrasonic SOEC for 7039-T6 aluminum for 
Eqs. (5) and (6). Values are in GPa. 
A B C AABB - C ABAB 
1 2 29.8 
1 3 31.1 
2 3 30.4 
A B c CAAAA - CBBBB CBBCC - CAACC CBCBC - CACAC 
1 2 3 1.0 -0.3 0.4 
3 1 2 0.5 0 0.6 
2 3 2 -1.5 0.3 -1.0 
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